Capillary gel electrophoresis has been demonstrated for the separation and detection of DNA sequencing samples. Enzymatic dideoxy nucleotide chain termination was employed, using fluorescently tagged oligonucleotide primers and laser based on-column detection (limit of detection is 6,000 molecules per peak). Capillary gel separations were shown to be three times faster, with better resolution (2.4 x), and higher separation efficiency (5.4 x) than a conventional automated slab gel DNA sequencing instrument. Agreement of measured values for velocity, resolution and separation efficiency with theory, predicts further improvements will result from increased electric field strengths (higher voltages and shorter capillaries). Advantages of capillary gel electrophoresis for automatic DNA sequencing instruments and for genomic sequencing are discussed.
INTRODUCTION
DNA sequencing technology, both conventional and automated, has classically been constrained by the inability of slab gel electrophoresis to resolve fragments representing more than 600 consecutive nucleotides in a single runl-5. To transcend this limitation, and improve the speed of automated DNA sequencing, capillary electrophoresis technology appears to be an attractive alternative.
Capillary electrophoresis is a developing analytical and micropreparative tool6-9. The technique provides faster separations, at higher resolution and with greater separation efficiencies than conventional electrophoresis'0"'. These improvements are a consequence of the high voltages (10- Karger has shown that polyacrylamide gel filled capillaries can be used to achieve single nucleotide separations of DNA oligonucleotide markers, 40-60 nucleotides in length, using UV absorbance detection '5. In the present work, we demonstrate the feasibility of sequencing DNA in polyacrylamide gel filled capillaries, utilizing ultra-sensitive fluorescence detection'6"7, and actual DNA sequencing samples.
A direct comparison of automated slab-gel and capillary techniques is shown, verifying enhanced speed, resolution and efficiency, and testing the higher performance against predictions made by electrophoretic theory8.
EXPERIMENTAL Apparatus
The capillary electrophoresis system ( Fig. 1 ) is assembled on a 3 x4 foot optical table using standard optical mounts and experiments are performed in a dark room. Samples were introduced electrophoretically at one end of the capillary using a 2 kV power supply (EC Corporation model 500). For electrophoresis, this end of the capillary was then placed in an insulated, safety-interlocked cathode buffer chamber (at negative potential with respect to the anode chamber and optical Gel Electrophoresis Capillary gels were pre-run at 9 kV in 1 x TBE buffer for 60 min. Samples were heated at 95°C for 1 min in the dark and introduced electrophoretically (5 sec at 2 kV) into the capillary. Assuming no sample concentration effects, the injected volume is calculated using column geometry, the injection voltage and time, and the running voltage and retention time of a peak. Using the C100 peak, e.g., the amount of sample loaded on the gel was .4 nl. Gels were run at 9 kV (180 V/cm, 5-10 IOA) at ambient temperature.
The slab gel in Fig. 3b was a 6% polyacrylamide sequencing gel formed and handled according to Applied Biosystems protocols'9. The gel was 40 cm long, with a sample to detector length of 25 cm. 6 Al of a 1:25 dilution of the same sample used in Fig 2a was loaded in a single lane. Run at a constant power of 35 Watts (approx. 45°C), the gel required an average of 1400 volts. 6000 data points were collected for 630 min beginning 80 min after sample loading.
RESULTS AND DISCUSSION
In order to assess the potential of capillary gel electrophoresis for DNA sequencing, we constructed a prototype electrophoresis apparatus in conjunction with a simple, high sensitivity, oncolumn, laser-based fluorescence detector (Fig. 1) . A 50 cm long fused silica capillary (75 ,^m inner diameter) was passively filled Fig. 3b is lower throughout, e.g. 460,000 plates (1.8 million/meter) for C100. By both estimates, the capillary method gave superior performance. Zone electrophoresis theory makes specific predictions for the relative performance of the capillary and slab-gel techniques8. The standard equations need to be modified due to the fact that the sample to detector distance 1 in our apparatus is not the same as the overall gel length L. The velocity v of migration of a single species of electrophoretic mobility A under the influence of a voltage V is given by:
The resolution of two species possessing an average electrophoretic mobility /ave, a difference in mobility Aut, and a diffusion coefficient D, is given by: (5) Forming a ratio of the values predicted for each system, eliminates the mobility and diffusion terms for individual species, and predicts that for equal geometries, the velocity and plate count are proportional to voltage while resolution is proportional to the square root of voltage. Using the run parameters of Figs. 2a and 3b, i.e. L= 50 cm, 1= 29 cm and V = 9000 Volts for the capillary, and L= 40 cm, 1= 29 cm and V = 1400 Volts for the slab gel, the predicted ratios (capillary/slab gel) for velocity, resolution and theoretical plates from equations 3-5 were 5.1, 2.4, and 6.0 respectively. The measured ratios (averaged over at least 5 peaks/doublets) were 3.4, 2.4, and 5.4 respectively. The theory agreed very well with the experimental data for both resolution and plate counts, and predicts that further improvements will result from increased voltages. The velocity for capillary gel electrophoresis was lower than that predicted by theory. This discrepancy is likely to be associated with the difference in running temperature of the two systems (near room temperature for the capillary and approx. 45°C for the slab gel)23'24. An additional 33% reduction in analysis time is thus probable if the gels are run near 50°C (this should also reduce sequencing artifacts -see Fig. 2 ).
Capillary gel DNA sequencing can take advantage of small sample sizes (sub nanoliter) provided detectors of adequate sensitivity are used. Our relatively simple, on-column laser fluorescence detector can detect a 10-11 M (10 picomolar) solution of fluorescein flowing continuously in an open capillary (signal to noise ratio of 3: 1). This limit of detection corresponds to 3x 10-22 mol, 10-19 g or less than 200 molecules of dye present in the detected volume. An average peak (e.g. C100 in Fig. 2a ) contains approximately 130,000 molecules, 10-14 g or only .2 attomoles (0.2x 1018 mol) of DNA. Using the measured baseline noise standard deviation and the height of this C100 peak, the smallest discernible DNA sequencing band in our capillary gel system can be estimated to be .01 amol, or 6,000 molecules. By comparison, the quantity of DNA in a conventional radiolabelled sequencing gel band is 100 to 1000 amol25, while the detection limits quoted for fluorescence based sequencing instruments vary from [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] amol to 50 amol of DNA per band2'4'5'25. In capillaries, Dovichi has achieved the lowest reported mass sensitivity limits by employing a sheath-flow cuvette based detector (.0017 amol of fluorescently tagged amino acids in a peak)26. We are currently working with Dr. Dovichi to obtain further improvements in sensitivity and resolution, with simultaneous detection and discrimination of all four base specific reactions1 4.
CONCLUSION
Certain problems still need to be addressed before capillary gel electrophoresis can become the method of choice for DNA sequencing. At high voltages, electroendosmosis, caused by the presence of ionized silanol groups on the capillary's inner surface, can cause gels to migrate out of the tubes'4. This limits the voltages that can be utilized for enhanced performance and increased speed. Air bubble formation in the capillary, during polymerization, occurs about 20% of the time. Bubbles which arise during electrophoresis, remain a problem. These latter bubbles form near the injection end of the capillary and often seriously impair resolution, especially of larger fragments. Cutting a few centimeters of the capillary at the injection end after the sample has passed, usually relieves the problem temporarily. It is expected that commerical production of qualitycontrolled gel filled capillaries may alleviate some of the problems of pouring and running capillary gels22.
Major improvements in DNA sequencing gels have been minimal in the many years since their inception27. The success of genomic sequencing efforts relies on significant increases in DNA sequencing throughput and cost effectiveness. Current automated DNA sequencing practice has been constrained by slow speed and the inability of slab-gel electrophoresis to reliably fractionate molecules larger than 600 nucleotides in length. As a result of higher voltages, capillary gel electrophoresis, with its improved speed and resolution, may provide a method to significantly improve the throughput. The importance of extending the length of a fragment that can be sequenced in a single run is two fold. First, fewer clones and fewer nucleotides need to be sequenced, but additionally, larger fragments result in a much easier task of overlapping sequences28.
The cost benefits arising from reduction in sample and gel reagent requirements in capillary methods, may be substantial. Additionally, major savings could result from the reduction of labor costs 
